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In latent adeno-associated virus (AAV) infection, the viral genome is integrated preferentially into the
human chromosome 19 q arm at a specific region designated AAVS1, which has an open chromatin confor-
mation as indicated by the presence of a DNase I-hypersensitive site (DHS-S1). We examined whether an
insulator, which defines the domain of gene expression by directionally blocking the action of enhancers and
by preventing the spread of heterochomatin, is present near the DHS-S1 in the middle of a 2.6-kbp AAVS1-
related DNA fragment used in this study. The fragment, cloned into an Epstein-Barr virus (EBV)-based
eukaryotic episomal plasmid, was introduced into HEK293 cells. The DHS-S1 on the plasmid replicating in the
nuclei was hypersensitive to DNase I digestion, and thus, the EBV plasmid system was used in an enhancer-
blocking assay with the 2.6-kbp DNA and two shortened DNAs, of 1.6 kbp and 336 bp, containing DHS-S1. The
three DNA fragments, when inserted in the proper direction between the cytomegalovirus immediate-early
enhancer and minimal promoter, repressed the expression of a reporter gene. Thus, the enhancer-blocking
activity was located within the 336-bp DNA containing the entire region (300 bp) of DHS-S1. To investigate the
prevention of repression caused by heterochromatin, a transgene-expressing cassette flanked by the two 336-bp
DNAs placed in the enhancer-blocking direction was introduced into HEK293 and HeLa cells. All the cell
clones examined with the cassette integrated into cell DNA continued to express the transgene, which indicates
that the pair of 336-bp DNA apparently prevented the spread of heterochromatin. The results show that an
insulator lies between nucleotides 17 and 354 near the DHS-S1 in AAVS1. In a gel shift test, the 336-bp DNA
did not bind an in vitro-prepared CCCTC-binding factor that binds to the chicken �-globin insulator, suggesting
that the AAVS1 insulator requires an as yet unidentified binding protein. The newly identified AAVS1 insulator
is likely to contribute to the maintenance of an open chromatin conformation that affects the life cycle of AAV.

Adeno-associated virus type 2 (AAV), a human parvovirus,
is a nonenveloped small virus with a 4.7-kb genome of single-
stranded linear DNA (2, 3). Efficient propagation of AAV
requires coinfection with a helper virus, such as adenovirus (6,
27, 32), herpes simplex virus (4, 23, 31), or human cytomega-
lovirus (CMV) (10, 22). Without a helper virus, the AAV
genome is preferentially integrated into a specific target site
(the preintegration site) on the q arm of chromosome 19 (11,
17, 18, 19) and is maintained as a latent provirus (3). AAV is
readily rescued from the integrated genome when a latently
infected cell is superinfected with a helper virus (8, 14) or
stimulated by genotoxic (33) or apoptotic (24) stress.

The AAV preintegration site has been isolated, and its
4-kbp-long sequenced segment is called AAVS1, with nucleo-
tide numbering that starts from the EcoRI site (17). Within
AAVS1, the recombination between cell and viral DNAs oc-
curs in the region spanning approximately nucleotides (nt) 700
to 2400 (12, 15), and a DNase I-hypersensitive site (DHS),
designated DHS-S1, is located in the region from nt 50 to 350
(20). DHSs are generally considered to be a marker of open
chromatins where trans-acting factors are allowed access to
DNA. They are functionally associated with transcription, rep-

lication, recombination, and chromosome segregation (13, 28,
35) and are sometimes associated with insulators (21, 29).

Insulators are DNA sequences that define the domains of
gene expression by directionally blocking enhancers from af-
fecting promoters in different domains and by acting as bound-
aries to the surrounding heterochromatin that silences the
genes located within (5). With isolated DNA fragments, these
two insulator functions can be tested by using surrogate ex-
pression systems (to test the blocking of enhancer action and
prevention of the spread of heterochromatin): when an insu-
lator is inserted in the proper direction between an enhancer
and a promoter in an episomal expression plasmid, the action
of the enhancer is blocked in the cells harboring the plasmids;
when cells are stably transformed by a transgene-expressing
cassette flanked by two insulators, the cells continue to express
the transgene irrespective of the site of integration of the
cassette into the chromosomes (7, 16, 25, 26). Of all the known
vertebrate insulators, the chicken �-globin insulator (cHS4) is
the one that has been most extensively studied. It is located in
the fourth DHS in the locus control region (LCR) of the
chicken �-globin gene (9). The sequence-specific binding of
CCCTC-binding factor (CTCF) to cHS4 is required for the
insulation activity (1).

We have speculated that an insulator may be present near
the DHS-S1 in AAVS1 and would prevent the spread of het-
erochromatin over the preintegration site and the latent pro-
virus, providing a favorable environment for AAV to be readily
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integrated and rescued. In this study, we examined the pres-
ence of an insulator, using a 2.6-kbp-long AAVS1-related
DNA fragment that contains the DHS-S1 and half of the re-
gion where the sites of recombination occur. The tests for the
insulator functions, with the 2.6-kbp fragment and its two
shortened fragments of 1.6 kbp and 336 bp, showed that an
insulator lies between nt 17 and 354, in a region overlapping
the DHS-S1. The AAVS1 insulator did not bind CTCF that
bound specifically to the chicken insulator cHS4.

MATERIALS AND METHODS

Cells. HEK293 cells (human embryonic kidney cells immortalized by adeno-
virus E1), HeLa cells, T1G cells (primary human lung fibroblasts purchased from
Health Science Research Resources Bank, Tokyo, Japan), and DT40 cells (chick-
en cell line purchased from Health Science Research Resources Bank) were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum.

DNA fragments used for plasmid construction. DNA fragments to be tested
for insulator functions were cloned from genomic DNA extracted from T1G
cells. The cell DNA was digested with BamHI (Takara Co. Ltd., Kyoto, Japan)
and then electrophoresed in an agarose gel. DNA fragments with approximate
sizes of 2 to 3 kbp were extracted from the agarose gel and were inserted into
pUC19 at the BamHI site. Bacterial clones containing pUC19 with AAVS1 were
screened by colony hybridization. A DNA fragment used to generate 32P-labeled
probe was obtained by PCR using the DNA extracted from T1G cells and
primers consisting of 5�-GAATTCCTAACTGCCCC and 5�-TTGGTGGAGTC
CAGCACGG. The nucleotide sequences of the primers were determined by
referring to the AAVS1 nucleotide sequence previously reported (17). Thus,
pUC19 containing a 2.6-kbp AAVS1-related BamHI fragment was obtained.
Then the plasmid was cleaved with BamHI, EcoRI plus BamHI, and SmaI to
obtain AAVS1-BamHI/BamHI, AAVS1-EcoRI/BamHI, and AAVS1-SmaI/
SmaI, respectively. AAVS1-EcoRI/BamHI and AAVS1-SmaI/SmaI were in-
serted into pBluescript (Stratagene, La Jolla, Calif.) between the EcoRI and
BamHI sites and at the SmaI site, respectively, and then the DNA was cleaved
with BssHI to obtain AAVS1-EB/BssHI and AAVS1-S/BssHI. pBluescript con-
taining AAVS1-SmaI/SmaI was cleaved with BamHI plus SalI to obtain AAVS1-
S/BamHI/SalI. pBluescript containing AAVS1-S/S was cleaved with BamHI,
ligated with a KpnI linker, and then cleaved with KpnI to obtain AAVS1-S/KpnI.

The 1.2-kbp DNA fragment containing the LCR of the chicken �-globin gene
(c�G-LCR) in the DNA extracted from DT40 cells was amplified by PCR with
primers consisting of 5�-CCTGGATCCGAGCTCACGGGGACAGCCCCC
and 5�-AGGATCCAATATTCTCACTGACTCCGTCCTG. These primers had
BamHI recognition sites at their 5� regions. The amplified DNA was cloned into
pGEM-T Easy vector (Promega Corp., Madison, Wis.) and sequenced. The
DNA fragment, c�G-LCR, was obtained by cleavage of the plasmid with BamHI.
The 254-bp DNA fragment containing the core region of the �-globin insulator
was isolated from c�G-LCR by cleavage with BamHI plus HindIII and inserted
between the BamHI and HindIII sites of pBluescript. Then, DNA fragments
were obtained by cleavage with BamHI plus SalI (cHS4-BamHI/SalI) and with
BssHII (cHS4-BssHII). The plasmid was cleaved with BamHI, ligated with KpnI
linker, and then cleaved with KpnI to obtain cHS4-KpnI.

The DNA fragments containing CMV minimal promoter (CMV-Pro) and
CMV immediate-early enhancer (CMV-En) in plasmid pRL-CMV (Promega
Corp.) were amplified by PCR with primers with the sequences 5�-TAGATCT
TAGGCGTGTACGGTGGGAGG and 5�-TAAGCTTGGGCCGCGGAGGCT
GGATCG and primers with the sequences 5�-CGGATCCCGCGTTACATAA
CTTACGGT and 5�-AAAGATCTCAAAACAAACTCCCATTGAC, respectively.

The DNA fragment containing Epstein-Barr virus (EBV) oriP and the expres-
sion cassette for EBNA-1 (oriP/EBNA-1) was isolated from pEBV-His-C (In-
vitrogen Corp., Carlsbad, Calif.) by digestion with EagI and SalI.

The 2.2-kbp expression unit for Renilla luciferase driven by the TK promoter
was isolated by digestion with BamHI plus BglII and inserted into the BamHI site
of pUC19. Then the resultant plasmid was digested with KpnI and SalI to obtain
the DNA fragment for Renilla luciferase expression (TK-RLuc).

The 564-bp DNA fragment of �-DNA digested with HindIII was inserted into
pBluescript at the HindIII site. The plasmid was cleaved with BssHII and BamHI
plus SalI to obtain �-HindIII 564-BssHII and �-HindIII 564-BamHI/SalI. It was
cleaved with BamHI, ligated with KpnI linker, and then cleaved with KpnI to
obtain �-HindIII 564-KpnI.

Construction of expression plasmids. The backbone plasmid used for the
DNase I hypersensitivity tests (pEnh-bl1) and that used for the enhancer-block-
ing assays (pEnh-bl2) were constructed by insertion of the component DNA
fragments into pGL3-basic (Invitrogen Corp.). CMV-Pro and CMV-En were
inserted between the BglII and HindIII sites and at the BglII site of pGL3-basic,
respectively. oriP/EBNA-1 was inserted between NotI and SalI. Then cHS4-
BamHI/SalI was inserted between BamHI and SalI. A synthetic linker with
BglII-BssHII-BglII sites was inserted at the BglII site to obtain pEnh-bl1. The
AAVS1 BamHI/BamHI fragment and c�G-LCR were inserted at the BglII site
of pEnh-bl1. AAVS1-EB/BssHI, AAVS1-S/BssHI, and �-HindIII 594-BssHII
were inserted at the BssHI site of pEnh-bl1. TK-RLuc was inserted between the
KpnI and SalI sites of pEnh-bl1 to generate pEnh-bl2 plasmids.

The backbone plasmid used to test the position effects was pGL3-control
(Invitrogen Corp.). AAVS1-S/BamHI/SalI, cHS4-BamHI/SalI, and �-HindIII
564-BamHI/SalI were inserted between the BamHI and SalI sites of the pGL3-
control, and then AAVS1-S/KpnI, cHS4-KpnI, and �-HindIII 564-KpnI were
inserted to obtain pSV-Luc-AAVS1-S/S, pSV-Luc-cHS4, and pSV-Luc-�, re-
spectively.

DNase I hypersensitivity test. Normal HEK293 cells (3 � 107) were collected
by low-speed centrifugation. HEK293 cells (2 � 106) transfected with 5 �g of
pEnh-bl1 plasmids were passaged at a split ratio of 1:4 at 48 h after the trans-
fection, and at 120 h the cells were collected by a similar centrifugation. The cells
were resuspended in phosphate-buffered saline and centrifuged for 10 min at
4°C. They were resuspended in TNM buffer (10 mM Tris-HCl [pH 7.5], 10 mM
NaCl, 3 mM MgCl2) at 5 � 106 cells per ml and incubated for 10 min on ice. The
swollen cells were broken in a tight-fitting Dounce homogenizer. Intact nuclei
were precipitated through a layer of 0.25 M sucrose in TNM buffer by centrif-
ugation at 1,300 � g for 10 min. The nuclei were resuspended in digestion buffer
(15 mM Tris-HCl [pH 7.5], 15 mM NaCl, 3 mM MgCl2, 60 mM KCl, 0.25 mM
sucrose, 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride) at 2 � 107

nuclei per ml. They were digested with various amounts of DNase I at 37°C for
10 min. Then, total DNA was extracted from the nuclei by digestion with pro-
teinase, removal of denatured proteins, and precipitation with isopropanol using
the SMITEST (Nippon Genetics Co. Ltd., Tokyo, Japan). The DNA sample was
digested with the appropriate restriction enzymes, electrophoresed in an agarose
gel, and transferred to a Hybond-N(�) membrane (Amersham Biosciences
Corp., Piscataway, N.J.). The membrane was incubated with 32P-labeled probe as
indicated in the figure legends. Prehybridization and hybridization were done at
65°C for 12 h in hybridization solution (0.5 M NaHPO4 [pH7.2], 1 mM EDTA,
7% sodium dodecyl sulfate [SDS]) and were followed by washes in 2� SSC (1�
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.05% SDS at room
temperature and in 0.1� SSC containing 0.1% SDS at 65°C.

Luciferase assay. To measure enhancer-blocking activity, HEK293 cells grown
to 50% confluence in a 96-well plate were transfected with 100 ng of the reporter
plasmid per well by using the Lipofectamine transfection reagent (Invitrogen
Corp.). The cells were incubated with growth medium, passaged at a split ratio
of 1:4 at 48 h after the transfection, and lysed at 120 h. The firefly and Renilla
luciferase activities of the lysate were measured by using the Dual-Glo luciferase
assay kit (Promega Corp.) and a TopCount microplate luminometer (Perkin-
Elmer Life Sciences Inc., Boston, Mass.).

To measure transient expression of luciferase, HEK293 cells grown to 50%
confluence in a 96-well plate were transfected with 100 ng of the reporter plasmid
per well by using the Lipofectamine transfection reagent. At 48 h after transfec-
tion, firefly luciferase activities of cellular extracts were measured.

To measure the luciferase activity of HEK293 cell clones stably transformed
with reporter plasmid, HEK293 cells were transfected with the reporter plasmid,
which had been linearized by cleavage with SspI, together with a plasmid ex-
pressing the neomycin resistance gene, at 4:1 molar ratio, using Lipofectamine
reagent. At 48 h later, G418 was added to the medium at 800 �g/ml. The
drug-resistant cell clones were picked at 2 weeks after the transfection and
cultured with growth medium without G418. At 6, 9, and 15 weeks after the
transfection, the firefly luciferase activity of extracts from each cell clone was
measured.

Fluorescence microscopy. HeLa cells were transfected with the linearized
plasmid expressing enhanced yellow fluorescent protein (EYFP) together with a
plasmid expressing neomycin resistance gene at a 4:1 molar ratio, using Lipo-
fectamine reagent (Invitrogen Corp.). At 48 h later, G418 was added to the
medium at 600 �g/ml. The drug-resistant cell colonies were picked 2 weeks after
the transfection and cultured with growth medium without G418. At 4 and 6
weeks after the transfection, fluorescence of cells was detected under an inverted
UV microscope (Olympus Co Ltd., Tokyo, Japan).

Electrophoretic mobility shift test. A DNA fragment encoding the CTCF
DNA-binding domain (from amino acids 293 to 414) was synthesized by PCR
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with a sense primer (5�GAATTCAATGAAGCCTCCAAAGCCAAC), an anti-
sense primer (5�GAATTCAGATCTGGTTCAGCATTTTCACTG), and a
HeLa cell cDNA. The PCR product was digested with EcoRI and inserted into
the EcoRI site of pHM6 (Roche Diagnostics GmbH, Mannheim, Germany).
Using the resultant plasmid, a CTCF DNA-binding domain having a hemagglu-
tinin (HA) tag at the N terminus (CTCF-DB) was produced in vitro by using
rabbit reticulocyte lysate (TNT coupled transcription/translation system; Pro-
mega Corp.).

AAVS1-SmaI/SmaI and cHS4 fragments were dephosphorylated with calf
intestinal alkaline phosphatase, and then the 5� ends of the fragments were
labeled with [�-32p]ATP by using Megalabel (Takara Co. Ltd.). The 32P-labeled
probe (50 fmol) was mixed with 1 �l of in vitro-translated CTCF-DB or 1 �l of
poly(dI-dC) (50 �g/�l) in a final volume of 20 �l of binding-buffer (20 mM
HEPES [pH 7.9], 150 mM KCl, 5 mM MgCl2, 5% glycerol, 1 mM dithiothreitol,
0.5% Triton X-100). The mixture was incubated at room temperature for 30 min
and electrophoresed on a 4% polyacrylamide gel. The gels were dried, and
labeled probes were visualized by autoradiography.

RESULTS

DNase I hypersensitivity of AAVS1-BamHI/BamHI fragment
cloned in an EBV-based eukaryotic episomal vector. A 2.6-kbp
DNA fragment containing part of the AAV preintegration site
was molecularly cloned from BamHI-digested genomic DNA
extracted from human lung fibroblasts. Comparison of the
sequences of the fragment and AAVS1 (17) showed that the
fragment contains DHS-S1, the Rep binding site, and part of
the region where the recombination of cell and AAV DNAs
occurs (Fig. 1). The 2.6-kbp fragment, designated AAVS1-B/B,
was used to test the presence of an insulator in this study after
it was confirmed that the fragment maintains an open chroma-
tin structure when inserted into an expression plasmid.

DHS-S1 in AAVS1-B/B (Fig. 1) in an EBV-based plasmid
that replicates as an episome in HEK293 cells was hypersen-
sitive to digestion with DNase I. HEK293 cells were trans-
fected with pEnh-bl1 (Fig. 2A) containing AAVS1-B/B and
cultured with growth medium to allow the plasmid to replicate
synchronously with cellular DNA replication (34). The cells
were passaged at 48 h after the transfection, and nuclei were
extracted at 120 h. The nuclei were digested with DNase I at
the indicated concentrations for 10 min at 37°C. Then, total

DNA was extracted and cleaved extensively with BamHI and
XhoI. Samples were electrophoresed in a 1 % agarose gel, and
the DNA fragments containing firefly luciferase gene were
detected by Southern blotting using a 32P-labeled probe hy-
bridizing with firefly luciferase DNA (Fig. 3A, upper panel,
and 3B, left panel). The nucleotide sequences of the insertion
sites of the AAVS1-B/B fragment into the BglII site do not
match the recognition sequence for BamHI. Therefore, cleav-
age with BamHI and XhoI generated a 5.0-kbp fragment con-
taining the AAVS1-B/B fragment plus firefly luciferase DNA.
The digestion with DNase I resulted in the emergence of a
smear centered at 4.0 kbp, indicating that the DHS-S1 in the
fragment in the plasmid was digested with DNase I.

For comparison, the sensitivity of cellular DHS-S1 to DNase
I digestion was examined similarly. Nuclei of HEK293 cells
were extracted and digested with DNase I. Then, total DNA
was extracted, cleaved with BamHI, and electrophoresed. The
BamHI fragment derived from cellular AAVS1 was detected
with a probe hybridizing with the region from the BamHI site
(nt �1k) to the EcoRI site (nt 1) (Fig. 3A, lower panel). A
smear centered at 1.5 kbp emerged after the digestion with
DNase I. The results agree with previous data (18).

The DHS of the chicken �-globin gene, cHS4, in pEnh-bl1

FIG. 1. Schematic representation of the region of AAVS1 ana-
lyzed. According to the sequencing by Kotin et al. (17), nucleotide
numbering starts at the indicated EcoRI site. The Rep binding site
(RBS) (30), the region where the recombination between viral and cell
DNAs occurs (IS) (12, 15), and the region containing the DNase I
hypersensitive site (DHS) (20) are indicated as open rectangles. The
DNA fragments used in this study are indicated in the lower part of the
figure. AAVS1-B/B, AAVS1-E/B, and AAVS1-S/S are DNA frag-
ments isolated from AAVS1 by cleavage with BamHI, EcoRI plus
BamHI, and SmaI, respectively.

FIG. 2. Schematic representation of the plasmids used in this study.
(A) Epstein-Barr virus (EBV) based episomal vectors. The plasmids
contained oriP and the EBNA-1 expression unit to maintain the plas-
mids as episomal DNA in eukaryotic cells. The test DNA fragments
were inserted between the CMV enhancer (CMV En) and CMV
minimal promoter (CMV Pro). The direction from centromeric to
telomeric side (CT) of the test DNA fragments is indicated by arrows.
pEnh-bl1 was used for the DNase I hypersensitivity test, and pEnh-bl2,
which contains the TK promoter-driven Renilla luciferase gene, was
used for enhancer-blocking test. (B) Plasmid used to examine expres-
sion of firefly luciferase (F-Luc) or EYFP from the cassette integrated
into cell DNA. The test DNA fragments were flanked by the expres-
sion cassette in the direction from centromeric to telomeric side (CT).
The cassette was composed of SV40 early promoter (SVPro), the
reporter gene (F-Luc or EYFP), and SV40 poly(A) signal (SVpA).
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was hypersensitive to DNase I digestion, but the 594-bp �-Hin-
dIII fragment on pEnh-bl1 was not hypersensitive (Fig. 3B,
center and right panels). Thus, DNase I hypersensitivities of
DHS-S1 and cHS4 were clearly retained on the EBV-based
eukaryotic episomal plasmid, and the sensitivity of DHS-S1 to
DNase I digestion seemed to be comparable to that of cHS4
(Fig. 3B, left and center panels). This strongly suggested that
the chromatin conformation of DNA fragments on the EBV-
based plasmid mimicked those in cellular chromosomes. The
EBV vectors were used in the following enhancer-blocking assays.

Directional enhancer-blocking activity of AAVS1 fragments.
Three AAVS1 fragments containing DHS-S1—AAVS1-B/B,
AAVS1-E/B (nt 1 to 1605), and AAVS1-S/S (nt 18 to 353) (Fig.
1)—were subjected to the test for direction-dependent enhanc-
er-blocking activities. The three AAVS1 fragments, cHS4, and
a 594-bp �-HindIII fragment were inserted in two directions
between CMV-En and CMV-Pro of the pEnh-bl2 plasmid,

which carries a Renilla luciferase expression unit upstream of
CMV-Pro (Fig. 2A). The directions of the AAVS1 fragments
are indicated as TC (from telomeric to centromeric side) or CT
(from centromeric to telomeric side); the directions of cHS4
and the �-HindIII 564-bp fragment are indicated as S (direc-
tion of transcription) or AS (direction against transcription).
HEK293 cells were transfected with these plasmids and lysed
at 120 h after the transfection. The firefly and Renilla luciferase
activities of the lysate were measured, and to normalize plas-
mid copy numbers in the culture, a ratio of firefly luciferase
activity to Renilla luciferase activity of each sample is presented
(Fig. 4).

Comparison of the CT and TC directions showed that the
three AAVS1 DNA fragments repressed the expression of
firefly luciferase when placed in CT (Fig. 1), although the two
longer fragments in TC, compared with AAVS1-S/S, appar-
ently lowered the enhancer-promoter activity (Fig. 4). In these

FIG. 3. DNase I hypersensitivity test. (A) DNase I hypersensitivity of DHS-S1 on the nuclear episomal plasmids replicated in HEK293 cells
and in the AAVS1 locus of HEK293 cells. Nuclei were extracted from HEK293 cells transfected with pEnh-bl1 containing the AAVS1-B/B
fragment or from normal HEK293 cells. The nuclei were digested with 2.5, 5, 10, 20, and 40 U of DNase I per ml. Total DNA was isolated, digested
with BamHI plus XhoI (upper panel) or with BamHI (lower panel), and electrophoresed in an agarose gel. After DNA samples were transferred
to a nylon membrane, DNA fragments containing firefly luciferase gene (upper panel) or the AAVS1 region from the BamHI site (nt �1k) to the
DNase I hypersensitive site (lower panel) were detected by 32P-labeled probes hybridizing with the DNA region indicated. (B) DNase I
hypersensitivity of DHS-S1 and chicken �-globin insulator (cHS4) on the nuclear episomal plasmids replicated in HEK293 cells. Nuclei were
extracted from HEK293 cells transfected with pEnh-bl1 containing AAVS1-B/B, cHS4, and � HindIII/594 fragments. The nuclei were digested with
10, 20, and 40 U of DNase I per ml. Total DNA was isolated, digested with BamHI plus XhoI, and electrophoresed in an agarose gel. After DNA
samples were transferred to a nylon membrane, DNA fragments containing firefly luciferase gene were detected by 32P-labeled probes hybridizing
to DNA carrying the luciferase gene.
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experiments, the insertion of cHS4 in the S direction showed
the repression as previously reported (21) and insertion of the
�-HindIII 564-bp fragment in either direction did not affect the
expression of firefly luciferase. The level of repression by
AAVS1-S/S was comparable to that by cSH4. The data clearly
indicate that, like cSH4, the AAVS1-S/S has a directional en-
hancer-blocking activity and that the activity is located in the
region between two SmaI sites (nt 18 to 353), whose nucleotide
sequence is identical to the corresponding sequence of
AC010327 (GenBank).

Expression of a transgene-expressing cassette flanked by
two AAVS1-S/S fragments. The property of an insulator to
prevent the spread of heterochromatin was tested with
AAVS1-S/S, and for this test a plasmid with an expression
cassette for the firefly luciferase gene driven by the simian virus
40 (SV40) early promoter and enhancer was newly constructed
(Fig. 2B). Three pairs of the AAVS1-S/S, cHS4, and �-HindIII
564-bp fragment were each inserted at KpnI site upstream of
the promoter and between the BamHI and SalI sites down-
stream of the SV40 poly(A) site in the plasmid to generate
pSV-Luc-AAVS1-S/S-CT, pSV-Luc-cHS4-S, and pSV-Luc-�/
HindIII 564-S, respectively. In these plasmids, the AAVS1-S/S
or cHS4 fragments flanking the cassette were placed in the
direction positive for the enhancer-blocking activities (Fig. 4).
Levels of the transient expression of firefly luciferase were
higher in HEK293 cells transfected with pSV-Luc-AAVS1-S/
S-CT and pSV-Luc-cHS4-S than in those transfected with
pSV-luc-�/HindIII 564-S (Fig. 5A).

The AAVS1-S/S fragments flanking the cassette protected

FIG. 4. The enhancer-blocking activity of AAVS1 fragments.
HEK293 cells were transfected with pEnh-bl2 containing a test DNA
fragment between the CMV enhancer and the CMV minimal pro-
moter. At 120 h after the transfection, the firefly luciferase and Renilla
luciferase activities of cell lysate were measured. To normalize plasmid
copy numbers in the cells lysed, ratios of firefly luciferase activity to
Renilla luciferase (F-Luc/R-Luc) activity were determined and are
presented along with standard deviations of four independent experi-
ments. The directions from the centromeric to telomeric side and from
the telomeric to centromeric side of the test DNA fragments are
indicated as CT and TC, respectively.

FIG. 5. Expression of firefly luciferase from the expression cassette
shown in Fig. 2B. (A) Transient expression from the cassette flanked
by the test DNA fragments. HEK293 cells were transfected with the
linearized plasmid containing the test cassette. At 48 h after the trans-
fection, the luciferase activity of cell lysate was measured. Results are
presented as the mean and standard deviation of three independent
experiments. (B to D) Expression from the cassette integrated in cell
DNA. HEK293 cells were transfected with the linearized plasmid
containing the cassette flanked by the test DNA fragments together
with a plasmid expressing the G418 resistance gene at a molar ratio of
4:1. Cell colonies resistant to G418 were obtained by culturing the cells
with growth medium containing G418 (800 mg/ml). Eight cell clones
were randomly selected and cultured with growth medium without
G418. Firefly luciferase activities of cell lysates were measured at 6, 9,
and 15 weeks after the transfection.
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the expression of the reporter gene from chromosomal posi-
tion effects. HEK293 cells were transfected with the expression
plasmids together with a plasmid expressing the neomycin re-
sistance gene. Eight (pSV-Luc-AAVS1-S/S-CT and pSV-Luc-
cHS4-S) or seven (pSV-Luc-�/HindIII 564-S) drug-resistant
cell clones were randomly selected at 2 weeks after the trans-
fection and cultured with growth medium without G418. When
the cells became confluent, the cultures were passaged at a
split ratio of 1:4. Luciferase activities of cellular extracts were
measured at 6, 9, and 15 weeks after the transfection (Fig. 5B
to D). The luciferase activities in the clones with pSV-Luc-�/

HindIII 564-S decreased; those in five clones decreased
quickly, and those in two clones decreased less quickly (Fig.
5D). However, the luciferase activities in the clones with pSV-
Luc-AAVS1-S/S-CT and pSV-Luc-cHS4-S were maintained at
high levels (Fig. 5B and C).

To determine the levels of reporter gene expression in indi-
vidual cells, the reporter gene in the plasmid was changed from
the firefly luciferase gene to the EYFP gene to generate pSV-
EYFP-AAVS1-S/S-CT, pSV-EYFP-cDHS4-S, and pSV-
EYFP-�/HindIII 564-S. HeLa cells were transfected with the
plasmids, which had been linearized by cleavage with SspI,

FIG. 6. Expression of EYFP in HeLa cells stably transformed with the expression cassette shown in Fig. 2B. HeLa cells were transfected with
the linearized plasmids with the cassette flanked by the test DNA fragments together with a plasmid expressing the G418 resistance gene at a molar
ratio of 4:1. Cell colonies resistant to G418 were obtained by culturing the cells with growth medium containing G418 (500 mg/ml). At 4 weeks
after the transfection, fluorescence of the cell colonies was observed under the UV microscope. Typical photos of two cell clones (clones A and
B) containing the test cassette are presented.
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together with a plasmid expressing the neomycin resistance
gene. Drug-resistant cell clones were randomly selected and
cultured with growth medium without G418. When the cells
became confluent, the cultures were passaged at a split ratio of
1:4. At 4 weeks after transfection, the fluorescence of the cells
was observed under an inverted UV microscope (Fig. 6). Al-
though the levels of fluorescence in the cells with pSV-
EYFP-�/
HindIII 564-S varied from cell to cell, those in the cells with
pSV-EYFP-AAVS1-S/S-CT and pSV-EYFP-cHS4-S were uni-
form and high.

Binding of CTCF with the AAVS1-S/S fragment. The
AAVS1-S/S fragment was examined for its ability to bind
CTCF, a protein that specifically binds to the chicken insulator
cHS4. CTCF was produced by using a reticulocyte lysate in
vitro (Fig. 7A). Despite the presence of several CTCF-binding
motifs (CTCCC) within the fragment, a gel shift test did not
detect the complex of CTCF and the 32P-labeled fragment
(Fig. 7B). Under the same experimental conditions, the com-
plex of CTCF and 32P-labeled cHS4 was detected as a broader
band migrating more slowly than the uncomplexed DNA in
electrophoresis (Fig. 7B). Addition of cold cHS4 DNA to the
reaction mixture as a competitor eliminated the slowly moving
part of the band, indicating that the experimental conditions
were appropriate for detecting specific binding of CTCF with
cHS4. The results suggest that there may be an unidenfied
protein that specifically binds to the AAVS1 insulator.

DISCUSSION

This study showed that an insulator is present in the region
from nt 18 to 353 in AAVS1 or in the AAVS1-S/S fragment
derived from the preintegration site. When the fragment was
placed between the CMV minimal promoter and immediate-
early enhancer, the action of the enhancer was blocked in a
direction-dependent manner. This directional enhancer-block-
ing activity is common to all of the insulators analyzed so far (7,
9). When the two fragments were placed to flank a transgene-
expressing cassette, it continuously expressed the transgene
irrespective of its integration site in cellular chromosomes.
This action to buffer a gene from the repressing effects of
heterochromatin is another property common to insulators.
Thus, it was concluded that the newly identified AAVS1 insu-
lator has typical insulator properties and is associated with
DHS-S1 located within the region from nt 50 to 350 (20).

When insulator activity-negative DNA fragments, such as
AAVS1 fragments with the TC orientation and �/HindIII 564,
were inserted between the enhancer and promoter of the ep-
isomal plasmids, the reporter activity in the transfected cells
was apparently affected by the size of the inserted DNA; firefly
luciferase activities from the insertion of BamHI-BamHI-TC
(2.6 kbp) and BamHI-EcoRI-TC (1.6 kbp) were lower than
those from the insertion of SmaI-SmaI-TC (0.3 kb) and �/
HindIII564 (0.6 kbp) (Fig. 4). It is possible that the insertion of
a relatively long DNA fragment between the enhancer and
promoter in the episomal plasmid may hinder the enhancer-
promoter activity by increasing the distance or introducing a
repressive sequence between the two.

Although its role in normal cells is unclear, it is conceivable
that the AAVS1 insulator has been playing significant roles in

the evolution and life cycle of AAV. The open chromatin
structure in the preintegration site, caused by the AAVS1
insulator along with its probable counterpart somewhere in the
distal side, may help the integration and rescue of AAV. For
the integration, the open structure would allow AAV Rep
proteins and viral DNA to have ready access to the Rep-
binding site (nt 396 to 413) and the site of recombination,
respectively, in the preintegration site. For the rescue, the open
structure would allow the provirus to readily express its genes
for replication on infection with a helper virus.

Because CTCF appeared not to bind to the AAVS1 insula-
tor in the electrophoretic mobility shift test in this study, it is

FIG. 7. Electrophoretic mobility shift test to examine the binding
of CTCF to AAVS1-S/S. (A) Immunoblot detection of CTCF and
�-galactosidase produced in vitro. HA-tagged CTCF-DNA-binding
domain (CTCF-DB) and �-galactosidase were produced by using the
rabbit reticulocyte system (TNT coupled transcription/translation sys-
tem [Promega Corp.]). The reticulocyte lysate (0.3 �l) containing syn-
thesized CTCF-DB and �-galactosidase was electrophoresed in a 10%
polyacrylamide gel, and the proteins were transferred onto Hybond-P
membranes (Amersham Pharmacia Biotech). The membrane was in-
cubated with rat monoclonal anti-HA antibody (clone 3F10; Roche
Diagnostics GmbH) and then with peroxidase-conjugated goat anti-rat
immunoglobulin G (Organon Teknika Corp., Durham, N.C.). Immu-
noreactive proteins were visualized by the ECL Plus chemilumines-
cence detection system (Amersham Pharmacia Biotech). (B) Electro-
phoretic mobility shift test. The AAVS1-S/S fragment and cHS4
fragment were labeled with 32P by using T4 DNA kinase and used as
probes. CTCF-DB and �-galactosidase produced in vitro were mixed
with the probe. The probes complexing with CTCF-DB or �-galacto-
sidase were separated by electerophoresis on a 4% polyacrylamide gel.
Cold DNA fragments was added to the binding-reaction mixture at a
50-fold excess over the labeled probe for competition. Open arrow-
heads indicated free labeled probes.
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possible that there is an unidentified binding protein for the
insulator. The AAVS1 DNA of 3.5 kbp containing the insula-
tor, when introduced into transgenic rats, is proficient for Rep-
mediated site-specific integration of AAV (20). This suggests
that the insulator must be active in rats and that its binding
protein may be present in rat cells. Experiments to search for
the binding protein are under way.
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